tured at the high and low oxygen tensions (32% versus In the presence of heavy metal ions like iron (II), hydro-18%, respectively). However, in wild-type fibroblasts, gen peroxide is further reduced into hydroxyl radical by the 9% value of chromosome breakage that we obthe Fenton reaction. These reactive oxygen species can served at 20% oxygen did not decrease when the cells cause damage to all macromolecules, including DNA.
, and Ku86
Ϫ/Ϫ primary fibroblasts Results and Discussion that were grown at either 20% or 3% oxygen. We observed a small decrease in the frequency of chromoReactive oxygen species are generated as a normal some breaks for Ku86 ϩ/Ϫ primary fibroblasts and an even part of oxidative metabolism in eukaryotic cells [4] . The more significant decrease for Ku86 Ϫ/Ϫ fibroblasts that univalent and bivalent reduction of oxygen results in the had been cultured at 3% oxygen (Figure 1, p Ͻ 0.05). production of superoxide anion radical and hydrogen Similar results were obtained for Lig4 ϩ/Ϫ fibroblasts culperoxide, respectively, as physiological metabolites [5] . tured at the high and low oxygen tensions (32% versus In the presence of heavy metal ions like iron (II), hydro-18%, respectively). However, in wild-type fibroblasts, gen peroxide is further reduced into hydroxyl radical by the 9% value of chromosome breakage that we obthe Fenton reaction. These reactive oxygen species can served at 20% oxygen did not decrease when the cells cause damage to all macromolecules, including DNA.
were grown at 3% oxygen. The 9% breakage level may Therefore, eukaryotic cells have evolved enzymatic debe due to the remaining 3% oxygen that would normally fenses to reduce endogenous free radicals. Superoxide persist under physiological cellular conditions, or it may dismutase, glutathione peroxidase, and catalase are all represent breakage due to other causes, such as topoenzymes that dissipate reactive oxygen species.
isomerases or DNA replication fork errors. Therefore, as Single-strand oxidative DNA damage, including speoxygen tension is lowered, chromosomal instability is cies such as 8-oxo-2Ј-hydroxyguanine, has been docureduced; hence, a fraction of the breaks observed in mented for many years [6] [7] [8] . However, much remains NHEJ-deficient cells are due to oxygen metabolism. It to be learned concerning the role that free radicals might is important to note that the chromosome breaks that we and others have observed in cells from NHEJ-deficient mice occur in the absence of any applied irradiation or Figure 3D) . to 3%, a substantial level of chromosome breakage remained. This residual level of chromosome breakage To test whether the cell death observed was apoptotic, TUNEL staining on paraffin-embedded tissue is likely due to reactive oxygen species that are still generated at physiologic oxygen tensions. This provides spontaneous DSBs due to reactive oxygen species produced within a cell can be substantial. In the absence evidence that substantial levels of spontaneous chromosome breakage can occur even at physiological oxyof NHEJ, spontaneous reactive oxygen species result in chromosome breaks that remain unrepaired, potentially gen tensions. These results have additional implications for the disparity in phenotype between Ku and Lig4 leading to the accelerated-aging phenotype observed in Ku86-deficient mice (Figure 4) [26] . Finally, in an extreme knockout animals. During embryonic development, the oxidative stress within the two mouse knockout models case, when reactive oxygen species are increased by overexpressing SOD1 in Ku86 Ϫ/Ϫ animals, there is an is presumably the same, yet the phenotype of Lig4 deficiency is more severe than that of Ku deficiency. Though increase in neurodegeneration in a manner that is comparable to Lig4-and XRCC4-deficient animals, for which our results provide insight on the causes of the chromosome breaks, the differences in severity of neuronal loss the impairment in DSB repair is thought to be more severe [ 404, 897-900.
